Runx transcription factors comprise a family of proteins that are essential for organogenesis. A unique nuclear matrix-targeting signal in the C terminus directs these factors to their appropriate subnuclear domains. At these sites, they interact with coregulatory proteins and target genes. We have previously shown that aberrant expression of the Runx2 DNA binding domain in metastatic breast cancer cells can prevent production of osteolytic lesions in bone. Here, we show that proper Runx2 subnuclear targeting is required for osteolysis. We have identified point mutations of the Runx2 nuclear matrix-targeting signal sequence that impair its targeting to nuclear matrix sites. These mutations block the invasive and osteolytic properties of MDA-MB-231 breast cancer cells in vivo. Cell lines expressing this Runx2 mutant protein inhibit the osteogenic properties of bone marrow stromal cells in coculture assays. The mutant breast cancer cells also exhibit reduced invasiveness in vitro and do not express genes involved in invasion and angiogenesis (VEGF and MMP13). Our findings suggest that fidelity of Runx2 intranuclear organization is necessary for expression of target genes that mediate the osteolytic activity of metastatic breast cancer cells.
R
unx (AML͞CBFA͞PEBP2) transcription factors are tissuespecific regulatory proteins that are involved in the control of hematopoiesis (Runx1͞AML1), osteogenesis (Runx2͞ AML3), and neural and gastrointestinal cell differentiation (Runx3͞AML2) (1) (2) (3) . Translocations or mutations of Runx1 results in leukemogenesis (4) , whereas mutations of Runx2 and Runx3 lead to skeletal disease (5) and stomach cancer (3), respectively. The Runx transcription factors function as scaffolds for interaction with various coregulatory proteins. These complexes interact in a combinatorial fashion to regulate gene expression. Furthermore, Runx proteins are focally localized within the nucleus. The subnuclear localization of Runx proteins requires at least two trafficking signals; one signal supports nuclear import (nuclear localization signals) and the other signal is required for residency in nuclear matrix-associated regulatory domains (nuclear matrix-targeting signal; NMTS) (6) (7) (8) (9) . The role of Runx proteins in both gene expression and nuclear structure is a reflection of their modular organization. The N terminus binds specific DNA sequences, whereas the C-terminal domain interacts with coregulatory factors and associates with the nuclear matrix (10) (11) (12) (13) . During tissue differentiation, Runx proteins form stage-specific complexes with subsets of coactivators (14) (15) (16) , corepressors (17) (18) (19) , and factors that are end points of key signaling cascades (20, 21) . These multimeric complexes are organized in punctuate subnuclear foci that constitute nuclear microenvironments (22) .
The critical role of Runx2 in osteogenesis has provided a model for investigating the importance of subnuclear localization for tissue differentiation. Mice homozygous for Runx2 protein lacking the C terminus that includes the NMTS do not form bone because of maturational arrest of osteoblasts (23) . In a manner analogous to the human bone disorder cleidocranial dysplasia, heterozygous mice do not develop clavicles. These phenotypes are indistinguishable from those of the Runx2 homozygous and heterozygous null mutants (2) . Thus, the NMTS and its role in integration of osteogenic regulatory signals at sites within the nucleus are critical determinants for Runx2 biological function (20, 24, 25) . Analogously, mice expressing Runx1 protein mutated at the C terminus exhibit a phenotype indistinguishable from that of mice with an ablated Runx1 gene (26) . These results suggest that the correct subnuclear localization of Runx factors and their association with coregulatory proteins are essential for control of Runx-responsive genes involved in tissue differentiation and embryonic development.
It is widely recognized that breast cancer cells preferentially metastasize to bone (27, 28) . The expression of Runx2 and other osteoblast-related genes by breast and prostate cancer cells has been well documented (29) (30) (31) . These gene products are thought to facilitate interactions between the tumors and the bone microenvironment. We have reported (29) that inhibiting Runx2 activity abolishes the ability of breast cancer cells to form osteolytic lesions in vivo. Thus, these lesions serve as an assay for Runx2 function. In this study, we demonstrate by selective mutation that correct intranuclear trafficking of Runx2 is required for bone phenotypic gene expression. Furthermore, perturbation of Runx2 subnuclear localization in breast cancer cells inhibits formation of osteolytic lesions in bone in vivo.
Materials and Methods
Site-Directed Mutagenesis and Expression Plasmid. Hemagglutinin (HA)-tagged NMTS mutant Runx2 (R398A and Y428A) was generated by using a site-directed mutagenesis kit (Stratagene). To incorporate the 2-bp substitution mutation that changes arginine at position 398 to alanine, we synthesized complementary oligonucleotides. Y428A mutant Runx2 plasmid (20) was amplified by PCR using forward 5Ј-GCTTCTCCAACCCAGCAATGCACTAC-3Ј and reverse 5Ј-GTAGTGCATTGCTGGGTTGGAGAAGC-3Ј primers. Amplicons with both mutations (R398A and Y428A) were digested with DpnI and transformed into chemically modified Escherichia coli competent cells. To avoid nonspecific mutations, the positive clones identified by sequence analysis were digested with ApaI-XhoI, and the released fragment was swapped into the HA-tagged Runx2 plasmid. The mouse Cbf␤ coding region was amplified by PCR using the forward 5Ј-GCGGATCCATGC-CGCGCGTC-3Ј and reverse 5Ј-CGAATTCCTAGGGTCT-TGC-3Ј primers. PCR product was digested with BamHI and EcoRI and cloned into similarly digested pcDNA3.1 vector. Expression vectors for Msx2, TLE1, HA-Runx2, and Smad1 have been reported (14, 17, 20 Generation of Stable Cell Lines. Stable MDA-MB-231 human breast adenocarcinoma cell lines were generated that express the empty vector pcDNA 3.1 (Invitrogen), HA-tagged WT, or the R398A and Y428A mutant Runx2 as described (15, 29) . Cells were transfected with Lipofectamine reagent according to manufacturer's recommendations (Invitrogen) and selected based on neomycin (G418) resistance. Subcellular Fractionation and Western Blot Analysis. Breast cancer stable cell lines expressing WT or R398A and Y428A mutant Runx2 were harvested at confluency in PBS containing 25 M MG132 and Complete protease inhibitor (Roche Molecular Biochemicals). Whole-cell (WC) pellets were lysed in 300 l of lysis buffer (25 mM Tris⅐Cl, pH 7.5͞150 mM NaCl͞1 mM Na 2 ⅐EDTA͞1 mM EGTA͞1% Triton X-100͞1% Nonidet P-40͞25 M MG132͞protease inhibitor mixture). Biochemical fractionation was carried out on a separate cell pellet essentially as described in refs. 8 and 32. For Western blotting, equal fraction volumes (30 l) were resolved on 10% SDS͞PAGE. Blots were probed with HA mAb, stripped mildly, and reprobed with Ab against Lamin B (1:5,000; Santa Cruz Biotechnology).
Immunofluorescence Microscopy. WT and mutant Runx2 MDAstable cells were processed for WC or nuclear matrix intermediate filament (NMIF) preparations, as described (14) . Cells were incubated with 1:3,000 dilution of mouse HA mAb (Santa Cruz Biotechnology) at 37°C for 1 h, followed by four washes with PBSA (0.5% BSA in PBS), and then stained with 1:1,000 dilution of anti-mouse Alexa 488 secondary Ab (Molecular Probes). After washing with PBSA, DAPI staining (0.02 mg͞ml) was performed for 5 min on ice. Cells were then mounted with VECTASHIELD mounting media (Vector Laboratories). Digital imaging of cells was performed by using an Axioplan 2 microscope (Zeiss) equipped with fluorescence filters and a charge-coupled device camera (Hamamatsu, Middlesex, NJ) and interfaced with the MetaMorph Imaging System (Universal Imaging, West Chester, PA).
Osteogenic Superarray and Real-Time Quantitative PCR. Total RNA from parental, WT, and mutant Runx2 stable MDA-MB-231 cell lines was isolated by using Trizol reagent according to the manufacturer's instructions. Expression levels were assessed with 5 g of total RNA by using the human osteogenesis cDNA expression array kit (SuperArray Bioscience, Frederick, MD) according to the manufacturer's protocol. Signal intensities of each marker gene were normalized to GAPDH values and data plotted by using DCHIP, a DNA-chip analysis software (33) . The reverse transcriptase reaction was performed on total RNA by using the SuperScript II kit according to the manufacturer's instructions. Real-time PCR analysis was performed to confirm expression levels of MMP13 [5Ј-TCTGAACTGGGTCTTCCAAAA-3Ј (forward) and 5Ј-GCATCTACTTTATCACCAATTCCT-3Ј (reverse)] and VEGF [5Ј-TCTTCAAGCCATCCTGTGTG-3Ј (forward) and 5Ј-GCGAGTCTGTGTTTTTGCAG-3Ј (reverse)] by using an ABI machine and PRISM software (Applied Biosystems).
Cell-Invasion Assay. Cells were analyzed for migration potential on Matrigel (BD Biosciences) according to the manufacturer's protocols. Briefly, 1 ϫ 10 5 cells per ml were added to control inserts or inserts containing Matrigel in serum-free medium. The lower chamber contained medium with 5% FBS. Cells were allowed to migrate for 20-22 h at 37°C. Nonmigrated cells were removed by scraping the top filter, and the migrated cells were stained with HEMA 3 kit (Fisher Scientific). Each filter was counted for cells in at least 10 random fields and represented as percentage of migration.
Preparation of Marrow Stromal Cells. Bone marrow stromal cell (BMSC) cultures were generated as described (29, 34, 35) . At 5 days after initial plating, 5,000 human breast cancer cells (MDA-MB-231or R398A and Y428A mutant Runx2 stable line) were added to the cultures. Cultures were maintained in ␣-modified MEM containing 10% FBS, penicillin-streptomycin, 10 Ϫ8 M dexamethasone, 50 g͞ml ascorbic acid and 8 mM ␤-glycerol phosphate with feeding every 48 h until harvest at 21 days. All media and supplements were purchased from GIBCO and Invitrogen.
RNase Protection Analysis (RPA). Total RNA was isolated from control and BMSC cocultures by using Trizol reagent as described . At the bottom, the 38 amino-acids (397-434) that constitute the NMTS are shown. Arginine and tyrosine at positions 398 and 428, respectively, were mutated to alanine. (B) MDA-MB-231 breast cancer cells were stably transfected with either WT or R398A and Y428A mutant Runx2 expression plasmids. Cell lysates from parental and stable lines were resolved in 10% SDS͞PAGE, and Western blots were probed with mouse Runx2 mAb (44) . Lamin B antigen is shown as a loading control. (C) Electrophoretic mobility shift analysis of Runx2 DNA binding activity from breast cancer lines. Nuclear extracts were isolated from the indicated cell lines as described (18) . Runx consensus oligonucleotide used as probe was mixed with 10 g of nuclear extract in the presence (ϩ) or absence (Ϫ) of Runx2 Ab. Arrowhead indicates the Runx2-DNA complex. (29, 35) . RPA was carried out by using commercially produced species-specific template sets and reagents from Pharmingen (BD Biosciences, Pharmingen). Band intensities were quantified and normalized by using an Alpha Innotech (San Leandro, CA) imaging system and associated CHEMIIMAGER 4000 software.
Surgical Protocols. Animal studies were conducted in accordance with approved Institutional Animal Care and Use Committee protocols and the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Tibial intramedullary injections were carried out on isofluorane-anesthetized 4-to 6-week-old female SCID mice (The Jackson Laboratory) by using the technique described in refs. 29 and 36. The formation of osteolytic lesions in bones was assessed by radiography using a Faxitron MX-20 (Faxitron X-ray, Wheeling, IL). Bone radiographs were collected on X-Omat TL film (Kodak) using an exposure of 25 kV for 60 s.
Results and Discussion

Fidelity of Runx2 Intranuclear Trafficking Is Obligatory for Stringent
Regulation of Bone Phenotypic Genes by Breast Cancer Cells. We showed that association with the nuclear matrix is necessary for Runx2 activity in breast cancer cells. We generated MDA-MB-231 stable cell lines containing either WT Runx2 or a point mutant defective in intranuclear targeting (TD mRunx2; Fig.  1A ). This mutant has two amino acid substitutions (R398A and Y428A) and is strongly expressed. It enters the nucleus, where it shows normal DNA-binding activity (Fig. 1 B and C) . Sepa- Harvested cell pellets were subjected to high-salt and detergent extraction to isolate CSK, chromatin, and NMIF fractions, as described in Materials and Methods. Equal fraction volumes based on cell equivalence were resolved in 10% SDS͞PAGE, and membranes were probed with mouse HA mAb to detect Runx2 protein (Left). Integrity of subcellular fractions is confirmed by Lamin B, a marker for nuclear matrix.
Right shows graphic representations of densitometric quantitation of Western blotting signals. (B)
In situ immunofluorescence microscopy of Runx2 proteins in breast cancer stable lines. Cells were cultured on gelatin-coated cover slips and processed as WC or extracted to reveal the NMIF. Two representative cells are shown for WT (Upper) and R398A and Y428A Runx2 mutant (Lower). Cells from four independent NMIF preparations were counted, and percentages of HA-stained cells are shown. Insets show differential interference contrast (DIC) or DAPI stained images of the cell. Removal of chromatin in the NMIF preparations is reflected by the absence of DAPI staining. Magnifications are ϫ100.
Fig. 3.
Coregulatory protein interactions across the targeting-deficient Runx2 mutant protein are preserved. HeLa cells that do not express endogenous Runx proteins were transiently cotransfected with 5 g of expression plasmid for WT or mutant Runx2 and coregulatory proteins: Groucho͞TLE, a C terminus interacting protein (A); Cbf␤, an N terminus interacting protein (B); and two proteins that interact at the NMTS domain, Homeodomain Msx2 (C) and BMP2 mediator Smad1 (D). Cells were collected 24 h later, and immunoprecipitations were performed with Runx2 Ab. Immunocomplexes were resolved in 10 -12% SDS͞PAGE, and Western blots were probed as indicated. Inp, 10% of input control. rating these cells into cytoskeleton (CSK), chromatin, and NMIF fractions shows that most WT Runx2 bound to the NMIF fraction. However, the mutant Runx2 protein exhibits altered subnuclear trafficking; it fails to bind to the NMIF and is located primarily in the chromatin fraction ( Fig. 2A) . Fig. 2B shows fluorescent images of extracted cells in which the WT Runx 2 remains bound to the isolated NMIF while targeting-deficient (TD-mRunx2) protein is completely removed.
Next, we showed that, aside from the loss of binding to the NMIF, the mutated TD-Runx2 protein retains interactions with Runx2 coregulatory factors. By using coimmunoprecipitation, we assessed protein-protein interactions with four critical coregulators that bind to different regions of Runx2 (Fig. 3) . We selected the Cbf␤ DNA binding partner that interacts with the N-terminal runt homology domain, the TLE͞Groucho repressor protein that binds the C terminus, as well as the Msx2 homeodomain protein and the BMP responsive Smad1-signaling transducer that interact with the NMTS domain of Runx2. Similar to WT Runx2, the TD-Runx2 mutant protein interacts with each of the coregulatory factors (Fig.  3) . Thus, the TD-mRunx2 retains normal DNA binding as well as interactions with corepressor and coactivator proteins. Therefore, any potential modification in the phenotype of the cells expressing this protein results from the loss of Runx2 association with the nuclear matrix and the resultant inability to organize transcriptional regulatory complexes in subnuclear foci.
Next, we tested the in vitro effects of the TD-mRunx2 in modifying osteogenic activity of the MDA-MB-231 parental breast cancer cell line by using an in vitro coculture assay. The human breast cancer cells were cultured in the presence of mouse marrow stromal cells, a source of osteoprogenitors that differentiate into mineralized bone nodules. We have previously shown that the parental MDA-MB-231 cell line, which expresses Runx2 (see Fig. 1B ), inhibits formation of osteogenic colonies in this assay (Fig. 4A) . In contrast, coculture with the TD-mRunx2 cell line fails to inhibit the osteogenic colony formation by the marrow stromal cells. Furthermore, the expression of several osteoblastic genes in the mouse stromal cells is inhibited by the parental breast cancer cells but not by cells expressing TD mutant Runx2 (compare lanes 2 and 3; Fig. 4B ). These results are consistent with the histochemical observations (Fig. 4A) . Therefore, breast cancer cells expressing the Runx2 mutant that has lost competency for subnuclear targeting are incapable of blocking osteogenic differentiation. Thus, the TD mutant protein dramatically alters the ability of the parental (MDA-MB-231) breast cancer cell line to modify phenotypic properties of stromal cells.
Requirement of Runx2 Intranuclear Trafficking in Breast Cancer Cells
to Form Osteolytic Lesions in Bone. Microarray profiling of a panel of osteogenic genes showed modification in gene expression in the TD-mRunx2 breast cancer cell lines. We compared the parental cells with cells expressing WT or TD-mRunx2. Although expression of many genes was similar among the cell lines, a specific subset of genes exhibited alterations (data not shown). Among the genes that are specifically up-regulated by the WT but not the TD mutant is VEGF, a key factor for the invasive process in both bone remodeling and tumorigenesis (37, 38) . This pattern of expression was validated by quantitative RT-PCR for VEGF and also for MMP13, a gene highly expressed in metastatic cancer cells (Fig. 5A) . Compared with the parental MDA-MB-231 cells, both genes were up-regulated (10-to 30-fold) in the WT Runx2 cell line but not in the cell line expressing the mutant Runx2 protein. These studies demonstrate that the TD-mRunx2 protein modifies expression of genes associated with tumorigenic properties (39, 40) .
Blocking subnuclear targeting affects the invasive properties of these stable breast cancer cell lines, as determined by the Matrigel assay system (Fig. 5B) . Expression of WT Runx2 stimulated invasion to 89%, compared with 77% for the parental MDA-MB-231 line, whereas the TD-Runx2 mutant resulted in a significant loss of invasive properties to only 40% (Fig. 5B) . Thus, our findings indicate that loss of Runx2 subnuclear trafficking alters expression of genes related to both cell migration and invasive properties of breast cancer cells (41, 42) .
Breast cancer metastasis to bone characteristically results in osteolytic lesions (43) . We have shown (29) that Runx2 activity is a critical determinant for osteolysis. Therefore, we directly addressed the contribution of Runx2 subnuclear targeting to osteolytic bone destruction. The parental MDA-MB-231 breast cancer cells, which expresses Runx2, and the TD-mRunx2 expressing stable cells were locally injected into tibia of immunocompromised mice (see Methods in ref. 29) . The parental MDA line resulted in formation of pronounced bone lesions in 80% (16͞20) of injected animals as detected by radiographic imaging (Fig. 6A) . In contrast, MDA cells expressing TD-mRunx2 did not induce lesions in 80% of the injected animals (16͞20), and they showed only a few smaller lesions in 20% of the animals (4͞20). Thus, the loss of Runx2 association with the nuclear scaffold compromises the ability of breast cancer cells to generate osteolytic lesions in bone in vivo.
To gain insight into Runx2 regulated mechanisms of tumorrelated bone destruction, we examined genes associated with osteolytic activity by using the coculture system. Cytokines and factors required for formation and activity of osteoclasts are strongly induced in the mouse marrow stromal cells, when cultured with the parental MDA line or with MDA cells expressing WT Runx2 (Fig. 6B) . However, this induction is prevented by MDA cells expressing the TD-Runx2 mutant protein. Furthermore, we confirmed that tartrate-resistant acid phosphatase a marker of mature osteoclasts, is not induced by the TD-mRunx2 cell line but is induced by both the parental and WT-Runx2 MDA cells (Fig. 6B) . These results define a pivotal role for Runx2 subnuclear localization in induction of osteoclastic activity by breast cancer cells that metastasize to bone.
Conclusion
Results from numerous studies have shown that tumor cells exhibit disrupted signaling cascades that profoundly alters cell phenotype. Runx transcription factors serve as scaffolds for the assembly of multiprotein complexes and integrate regulatory signals at subnuclear domains. Here, we have shown that a targeting-deficient mutant of Runx2 engages coregulatory protein to form complexes, but the complexes are not targeted to the nuclear matrix scaffold. These findings demonstrate that inhibiting the Runx2 targeting function modifies the phenotype of metastatic breast cancer cells and impairs their tumorigenic and osteolytic activities in bone. As a consequence of altering fidelity of Runx2 intranuclear trafficking, we have modified gene expression in the tumor cell that disrupts the exchange of regulatory signals between the tumor cell and the bone environment. We propose that the Runx2 nuclear matrix targeting module has potential implications for development of therapeutic approaches that disable cancer cell activity.
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